Fluid flow of liquid steel in a slab mold influenced by a submerged entry nozzle (SEN) with ports of high aspect ratio and upward angle of 10 0 was studied using a water modeling approach and experimental techniques including tracer injection, particle image velocimetry and ultrasound velocimetry. Fluid dynamics near the ports indicate that the discharging jet is subdivided into upper and lower jets when the SEN is at its deep position (185 mm) forming a double roll flow (DRF). At the shallow position (115 mm) the tendency to form two jets decrease with a general trend to form a single jet and a single roll flow (SRF) pattern. These flows are attributed to the difference of the hydrostatic pressures between both submergences. Both, the upper flow in the DRF and the upper flow in the SRF induce free shear flows near the free bath surface that give origin to vortexes and unstable meniscus dynamics. Therefore, nozzle ports with upward angles create small pressure gradients which, in spite of their small magnitudes, have profound effects on fluid flow patterns of the fluid in the whole working mold volume. The results indicate that this nozzle works with less turbulence in the shallow position.
Introduction
As pointed out by Dauby, 1) during the last thirty years the casting community believed that liquid steel exiting form bifurcated submerged entry nozzles (SEN) would travel along the mold width at high velocity, impacting the narrow mold faces and splitting there into upper and lower roll flows. This ideal flow pattern is called as Double Roll Flow (DRF). In principle DRF permits a gentle flow along the meniscus transporting steel in contact with the molten flux and transporting steel down the mold to provide even solidification conditions. However, actual facts indicate the existence of severe energy dissipation that gives origin to raveling jets impacting the narrow mold faces with irregular patterns and weakened forces. Thereby, the DRF is under a fragile equilibrium because it can be easily transformed into different and undesirable flow patterns almost by any change of mold operation. Indeed, it was not until the melt speed was measured in a 2 700×220 mm 2 mold using the AMEPA-MFC sensors that it was realized the existence of other flow patterns such as the single roll flow (SRF). 2) Even worst is quite possible, depending on bore size of the SEN, immersion depth, cast speed, etc., that the flow pattern becomes completely instable not being DRF neither SRF and then is called as permanent unstable flow (PUF). This flow has been detected in medium thickness slab molds where instability of the flow is permanent due to uncontrolled turbulence. Figure 1 illustrates, schematically, the nature of these types of flows. Basically mold widths above 1 800 mm and casting speeds above 1.2 m/min lead to PUF while low casting speeds, smaller than 1.3 m/min, and mold width smaller than 1 400 mm lead to SRF. DRF's are observed at intermediate mold widths such as 1 200-2 200 mm and casting speeds from 0.8 to 2.5 m/min. 1, 3) For fixed casting conditions such as casting speed and SEN design there is a certainty that shallow immersion depths lead to SRF. 4) Large port areas lessen the effects of the port angle on the angle of the discharging jet and, generally, the later is steeper than the former. Small port areas enhance the effects of the port angle bringing this angle closer to that of the jet.
5) Down-wards port angles are preferred over upwards port angles because the later promote larger turbulence on the melt meniscus. 6, 7) Large port dimensions lead to recirculating flows just in the upper edge of the port leading to backflow conditions aggravating clogging problems. 8, 9) Therefore, smoothing the angle of the upper port edge decreases the clogging and the backflow issues. 7) Circular ports generate more swirls and have a larger spread angle than rectangular ones having the same cross section area. M. J. Lu et al. claimed that port shape is less important than port size and angle in controlling the flow 10) but this statement has not been corroborated using modern research tools. Immersion depth of the SEN has been a very important operation variable because too shallow or too deep immersion leads to increases of frequency for longitudinal cracks of slabs 11) having always an optimum immersion depth. This is the first of a series of papers intended to be published related with the effects of the geometry of the SEN ports on fluid flow and turbulence generation in the mold using a combination of physical measurements in a water model complemented with mathematical simulations. The first case, which is the one that the present work is dealing with, is focused on a very specific design of a SEN with a high height/width ratio-upward ports angle presented in Fig. 2 . This type of nozzle is employed in a caster in the USA looking for a gently stirring at the mold corners, trying to deliver heat in that region especially during casting of peritectic steels. However, as mentioned above, upward angles are reported to increase melt turbulence in the mold, 6, 7) manifested by large velocity fluctuations and an apparent bath surface instability. Therefore, unveiling the nature of the flows generated by this type of SEN design can make a further contribution to the continuous casting community in order to understand complex fluid dynamics in molds and turbulence generation. For that purpose an investigation was launched using the approach of physical and mathematical modeling. The following lines explain all the findings and discussions related with this research.
Experimental Development
A 1:1 plastic, 20 mm thick, model of the current mold with size of 1 880×230 mm was built together with a plastic prototype of the SEN, which is shown in Fig. 2 . The mold was mounted on a water pit which has inside an immersed water pump to transport water through a vertical pipe, which has a water flow meter embedded along the line, into a tundish, just as in the current plant, maintaining a bath level of 1 m. The flow of water is controlled through a stopper rod which has the same dimensions and radiuses of curvature as the actual system in the plant. A complete description of the experimental setup can be found in a recent publication.
12) The immersion depths of the SEN used at the plant are 115 and 185 mm (measured from the meniscus level to the upper edge of the ports) representing the shallow and deep positions, respectively. The casting speed at the plant for this slab size is 0.9 m/min and the volumetric flow of water was 6.5 l/s equivalent to 2.77 ton of steel/min (calculated considering the actual contraction of the steel shell inside the mold). To capture the velocity magnitudes at the meniscus level an ultrasonic transducer, with a sound frequency of 1 MHz, was placed into a hole practiced just 20 mm below the meniscus level and centered in one of the mold narrow faces Fig. 3 . The transducer allowed the measurement of water velocity from the mold narrow face until the SEN wall. In this apparatus, sound of ultrahigh frequency (1 MHz) is emitted from a generator and the signal is reflected by particles with neutral density (size of 20 microns of amide and density of 1 020 kgm -3 ), previously injected, as a slurry, through the upper part of the SEN or nozzle. The ultrasound signals are reflected and the Doppler Effect is recorded by a receiver and processed through data processing software which calculates all main turbulent variables and flow statistics. The numerical results are later processed and arranged to be plotted using a TECPLOT ® graphics tool. Measurements of the whole flow field in one of the upperhalf parts of the mold width were also recorded using a Particle Image Velocimetry from DANTEC ® 13,14) systems. A full description of this technique has been reported somewhere else.
14, 15) The flow was seeded with the same particles used for fluid velocity measurements using the ultrasound technique. Figure 4 shows a general view of all the experimental system. Two interrogation areas were examined, the first involves the upper-half side of the mold with a size of 880 × 680 mm 2 (general view), and the second one is a zoom of the flow just in the discharging port with a size of 100 × 84 mm 2 (zoom view). The geometries of the stopper rod tip and its seat are shown in Fig. 5. 
Mathematical Model
The mathematical simulations consists of a combination of a Unsteady Reynolds Averaged Model (URANS) based on the Unsteady Reynolds Stress Model (RSM) 16) combined with the Volume of Fluid Model (VOF) 17) to track the interface between water and air. Using the VOF model avoids the need to assume an unrealistic boundary condition of zero momentum transfer at the liquid-gas interface. Therefore, the physical properties of both phases in the mixture (at the liquid-gas interface) are given by, Where α i is the volume fraction of phase "i" μ is viscosity and ρ is density. Using the Reynolds decomposition given by, U i =<U i >+u i , where U i is the instantaneous velocity in direction "i", <U i > is the average velocity and u i is the fluctuating velocity the continuity and momentum equations can be written as, The third term in the right hand side of Eq. (4) corresponds to the momentum contribution of Reynolds stresses. Different to other turbulent models the RSM, (which make an approximation of theses stresses using a turbulent viscosity) solves directly a complete set of transport equations for these stresses given by,
Flow variables like <Ui>, <P>, <UiUj> and ε ij (dissipation of Reynolds stresses) are directly simulated; however, the Reynolds stress transport tensor Tijk, the pressure rate of stress tensor (Rij) and the stress dissipation rate tensor ε ij should be modeled at each computing time step. The mean flow convection term and the production rate of Reynolds stresses ℘ij, are fortunately in closed form. To model Tijk the model equations of Daly and Harlow was employed 18) and the pressure rate-of-strain tensor, (Rij) was calculated using the isotropization of production (LRR-IP) model. 19) The dissipation rate of Reynolds stresses ε ij was calculated using the balances of dissipation rate of kinetic energy and the turbulent kinetic energy equations. Both equations are similar to those employed in turbulent models like k-ε and k-ω. 20, 22) Once knowing the dissipation rate of turbulent kinetic energy ε, a scalar quantity, and the tensor ε ij was calculated through the equation, . Boundary conditions include no-slip velocity at all solid surfaces and log-law approaches to link the mesh in the boundary layer with bulk flow. 24) At the meniscus, continuity of the momentum shear stress between the liquid and gas was assumed. All simulations were performed with water, with a viscosity of 0.001 Pa·s, a density of 1 000 kg/m 3 and gas-liquid surface tension of 0.073 N/m all at room temperature. The physical domain was subdivided by a hybrid mesh consisting of 1 373 172 cells as is shown in Fig. 6 . The computing approach is finite volume with an upwind differencing scheme 25) for momentum and continuity equations. The computing algorithm was that known as SIMPLEC 26) pressured force weighted approach. The model was run in a four cores, six Gb Intel processor machine. First, the mathematical model was run during 300 seconds assuming that a steady state has been reached. Flows at longer times than 300 seconds are considered as reliable fluid flow dynamics to be analyzed. A video that lasts about 40 seconds was recorded from the numerical simulations at times longer than 300 seconds for further analysis.
Results

Immersion Depth of Nozzle at 185 mm
Flow pattern in the general investigation area was determined through a previous Computer Fluid Dynamics (CFD) simulation with an immersion nozzle depth of 185 mm, whose results are presented in Fig. 7(a) ; as seen, the jet leaves the port and impacts directly the mold narrow face forming a DRF. Figure 7(b) shows the corresponding flow measured through the PIV; essentially, the measured flow conserves its DRF behavior. However, the actual jet yields oscillating boundaries and the impact with the mold narrow face is not as defined as the CFD simulation indicates, which actually reports time averaged magnitudes. Furthermore, both Figs. 7(a) and 7(b), show the existence of a compact jets exiting from the nozzle port but a zoom view of the fluid outgoing through the port shows a quite different characteristic. Actually, the flow exiting through the port determined by PIV measurements; is divided in two, lower and higher jets, which change with time at a high frequency, see Fig. 7(c). Figures 8(a)-8(c) and 8(d) show the general flow fields, taken at different times, demonstrating the dynamic and changing nature of those jets. At some given instant, Fig. 8(a) , the jet is divided or raveled in various streams one, marked by number "1", forms a recirculating flow close to the corner, other, marked with number "2" is a detached flow from the main jet affecting the meniscus and the last one, marked with "3", is deviated toward the lower part of the mold. Figure 8(b) shows the detached flow, is now closer to the nozzle and marked with number "4". Other detached flow can embrace great volumes of fluid affecting the meniscus stability as is indicated by the number "5" in Fig. 8(c) . To link this global flow with the flow dynamics through the ports the velocity profiles along the port height were examined using as a reference vertical line that is 10 mm separated from the nozzle wall and the results are shown in Figs. 9(d), 9(e) and 9(f) corresponding to the velocity fields shown in Figs. 9(a), 9(b) and 9(c), respectively. In the first figure there are two well defined velocity peaks, in the second figure there is a main peak followed by two smaller velocity peaks. The third and last figure yields again two velocity peaks with a smaller one in between them. Single peaks accompanied by smaller peaks, double peaks and double peaks with smaller peaks in between them were observed during the full experimental time. Experiments using tracer injections indicated that the flow was highly asymmetric due to the highly instable jets generated at the ports, as was described above. Those conditions lead to the formation of vortexes, at different times, with different lengths on the bath surface as can be seen in Figs. 10(a) 
Immersion Depth of Nozzle at 115 mm
The flow using the SEN at a depth of 115 mm is shown in Figs. 11(a)-11(d) where it is seen that the shallow position induces, essentially, a SRF pattern. The main jet impacts the narrow mold face and the fluid flows downwards the mold. The jet is also raveled giving origin to detached flows, from the main jet, that reach the meniscus for 185 and 115 mm, respectively). There, it is seen that the deeper immersion induces a two-peak pattern while the shallow immersion yields a single peak profile. The most important to notice here is that the single velocity peak has a magnitude of about 2.4 m/s and concentrates most of the momentum transferred from the jet through the lower part of the port. The deep immersion yields two velocity peaks with a maximum magnitude of about 1.35 m/s; however, the lengths of the vortexes generated in the meniscus are larger than those generated with the SEN at the shallow position. This can be seen in Fig. 15(a) , the average vortex length developed at the surface bath when the SEN is at the deepest position is close to three times the averaged vortex length when the SEN is at the shallow position. The frequencies of the vortex formation remain similar for both immersion depths as seen in Fig. 15(b) .
Fluid Flow Dynamics
To complement the information supplied by the PIV measurements, mathematical simulations were carried out by using a RSM-VOF model which, was described above. The results at a horizontal plane located 20 mm below the bath surface for a SEN depth of 185 mm are presented in Figs.  16(a)-16(b) , while for depth of 115 mm, Figs. 16(c)-16(d) show the same type of information at two different times. About 120 images of this plane, obtained from the CFD files, were stored and displayed each second and were examined in order to detect the jet's horizontal oscillations. These complex flows indicate that the fluid emerges reaching that plane alternatively through the mold corners with a frequency of 0.4 s -1 and 0.53 s -1 for immersion depths of 185 and 115 mm, respectively. The discharging jets oscillate from the back wall to the frontal wall forming shearing flows on the bath surface. Accordingly, the fluid coming from the narrow wall to the SEN meets another flow coming in the opposite direction like the one shown by number "2" in Fig. 8 
Discussion
Hydrostatic Pressure and Control of Water (Steel) Throughput
According to the present experimental and theoretical results, the flow fields in the discharging ports of the SEN are very sensitive to the hydrostatic pressure (or metallic head) and the SEN's port shape. With only an increase of the immersion depth of 70 mm the jet changes from a single to a double jet in the discharging ports. An explanation for this phenomenon is directly related with the internal and external pressure fields inside and outside the stopper rodnozzle set. To have a quantitative explanation, the hydrostatic pressure profiles were calculated considering the scheme of Fig. 19 that shows the tundish-stopper rod-SEN configuration where some critical or key points are indicated. To carry out these calculations the relationship between the lift of the stopper rod and the gap area for flow formed between the seat wall and the stopper rod tip (see Fig. 5 ) was previously determined. Later on, using the equation of Bernoulli, shown in Table 1 , those pressures were calculated and plotted in Figs. 20(a) and 20(b) , for small and large stopper lifts. Due to the Venturi effect, large negative pressures, (with very high fluid velocities through the annular gap between the stopper and the seat walls), are developed as well as in the port and in the bore when the lift is very small like 4-5 mm (Fig. 20(a) ). Physically this means that there will not be flow and even suction effects may be observed. With a small increase of the lift to 6 mm and further increases to 7 and 8 mm all pressures become positive (Fig. 20(b) ). Therefore, lift changes from 6 to 8 mm mean radical changes of the pressure profile in the stopper rod which emphasizes the importance of a strict control of the stopper lift. Besides, according with the required casting speed, the necessary lift is 7.56 mm to give a water flow rate of 6.055 l/s (equivalent to a steel throughput of 2.77 tons/min). The pressure profile was recalculated for this specific lift at the two immersion depths, 115 and 185 mm, and the results are presented in Fig. 21 . Since the difference is only 70 mm not appreciable pressure difference can be expected and then there is, essentially, only a single curve for both nozzle immersions particularly when the stopper lift is above 6 mm. However, making a zoom of the pressure in the nozzle ports a difference of about 680 Pa is identified as seen in the inset of the same Fig. 21 . Therefore, this pressure difference, even being small, is large enough to alter the velocity profiles in the nozzle ports and, consequently in the entire flow field inside the mold. The averaged (in time) fluctuating velocity provides us the standard deviation in the x and y directions of horizontal Ui and vertical Vj velocities respectively which are plotted in Fig. 22(a) (8) is plotted in Fig. 22(b) . This coefficient follows the CauchySchwarz inequality given as, 25) . Near the bottom of the port those correlations are low for both SEN immersions until reaching a peak at about 14 mm from which both correlations follow similar trends. Both correlations become zero at about 41 mm which is the position where there is a transition between the two emerging sub-jets as is seen in Figs. 9(a)-9(c) . In the upper side of the respectively. There, it is seen that the latter case yields higher turbulence intensities along the nozzle and especially in the bottom. These calculations agree qualitatively with the results reported in Fig. 22(a) corresponding to the standard deviations of liquid speed. Therefore, a larger immersion depth causes a larger hydrostatic pressure at the port level that represents an additional resistance to the flow. To overcome such a resistance and to maintain the continuity of mass, further turbulent kinetic energy is required and this is manifested as larger velocity fluctuations in the horizontal and vertical directions as seen in Fig. 22(a) . In other words, that resistance receives the effects of larger Reynolds stresses transporting vorticity from the very opening of the port. Actually the normal-vertical Reynolds stresses <VjVj> are the most affected by the increase of immersion depth due to the impact of the stream with the nozzle bottom as is seen in the simulation results given in Fig. 24(a) . Other normal Reynolds stresses affected by the immersion depth are those which are perpendicular to the wide mold walls, <WkWk>, due to the close proximity of the internal wall of the nozzle as is reported in Fig. 24(b) . Normal Reynolds stresses to the port area are not very different for the shallow and deep immersions because of the free flow of liquid through the port and therefore they are not presented here. Therefore, these figures make well evident that a larger immersion yields larger normal Reynolds stresses; vertical and horizontal (the later perpendicular to the mold wide wall) which are inside the nozzle. These are the stresses that contribute the most to the turbulent kinetic energy budget and the corresponding turbulent intensity.
Practical Implications
A first comment regarding practical aspects is related with the actual usefulness of the upward angle applied in the upper and lower sides of the ports. As is seen in Figs. 13 and 14 this angle does not affect the jet trajectory at all. Flow turbulence, particularly in the meniscus is directly linked to the jet raveling effects using either nozzle as can be seen in Figs. 8 and 11 . This SEN design delivers well fresh liquid to the mold corners but at the expenses of meniscus turbulence and the flow patterns found in this study are driven factors to entrain mold slag. 13) However, to make a decision, the most suitable operative condition to use this nozzle could be at the shallow immersion depth because the level of turbulence promoted is considerably smaller. Besides, this condition also ensures supply of hot steel to the mold corners without the risk of long vortexes that might entrain mold slag into the melt. This particular design is considerably affected by the pressure gradient developed by the nozzle immersion depth. As a summary, changes of SEN design are actually recommendable to improve steel flow in a slab mold to make the flow pattern less dependent on nozzle immersion depth and on gradient of the hydrostatic pressure.
Conclusions
The effects of immersion depth (shallow 115 and deep 185 mm), rectangular ports of a SEN on the fluid flow of liquid steel in a wide slab mold were studied using a 1:1 scale slab mold model. The techniques used to study flow dynamics of steel included tracer injection, Particle Image Velocimetry (PIV) and Ultrasound Velocimetry (UV) and CFD simulations and the conclusions reached through the experimental results are as follows:
(1) General flow patterns are directly dependent on the fluid flow dynamics in the discharging ports and on the immersion depth of the nozzle. Velocity fields in the discharging port region indicate that single or multiple velocity peaks determine the flow conditions of turbulence in the mold.
(2) At deep SEN immersion position the jet is clearly subdivided in two sub-jets and at the shallow position the jet oscillates between two and single jets. This effect is related with a larger pressure field when the immersion depth of the nozzle is larger. At higher pressures (immersion depth of nozzle) the fluid exits through the ports with larger turbulence intensities.
(3) The discharging jets suffer raveling effects, either at the deep or shallow positions (115 and 185 mm respectively) due to the entrainment of the surrounding fluid and the loss of momentum from the jets. The streams originated by this effect observe regular periodic oscillations, forth and back the wide mold walls, affecting the meniscus stability.
(4) The upward angle of the ports does not influence fluid dynamics of the discharging jet. The benefit of the upward angle is the melt stirring and transport of hot melt to the mold corners at expenses of turbulence.
(5) A shallow immersion depth position of the nozzle is more recommendable than the deep immersion depth to avoid long vortexes capable of giving place to mold flux entrainment.
